ABSTRACT A ferroelectric thin film transistor (Fe-TFT) based on annealing-free hafnium zirconium oxide (HfZrO) is demonstrated in this paper. Indium zinc oxide was used as channel semiconductor. The as-deposited 30-nm HfZrO film implemented as gate dielectric was proved to be crystallized with a mixture of monoclinic, tetragonal, and orthorhombic phases and showed ferroelectricity naturally. Thus, high temperature annealing process was avoided. The transfer characteristic of this Fe-TFT was demonstrated with operating voltage that was smaller than 3 V, memory window about 1 V, and small subthreshold slope (SS) about 82 mV/dec. The charge trapping phenomenon in this device was explored by characterizing the transfer curves with different ranges of gate voltages. This HfZrO-based device with low processing thermal budget and small SS has high potential for Fe-TFT memory which can be used in oxide semiconductor-based systems and applications.
I. INTRODUCTION
Because of the pressing demand in embeddable systems and wearable applications such as display panel, fingerprint identification, and radio-frequency identification devices, the thin film transistors (TFTs) gated by ferroelectric (Fe) film as memory devices have drawn lots of attention [1] , [2] . The Fe materials including Pb(Zr 0.4 Ti 0.6 )O 3 (PZT), [3] (1-x)[Pb(Mg 1/3 Nb 2/3 )O 3 ]-x[PbTiO 3 ] (PMN-PT), [4] and polymer poly (vinylidene fluoride-trifluoroethylene) (P[VDF-TrFE]) [5] have been used to demonstrate ferroelectric transistors with nonvolatile memory. In 2008, Salahuddin and Datta [6] proposed that effective negative capacitance provided by the ferroelectric capacitor could reduce the subthreshold slope of field-effect transistors, leading to low power devices. However, the traditional ferroelectric films are not integratable and suffer from high annealing temperature, high operating voltage and large thickness. The hafnium zirconium oxide (HfZrO) based ferroelectric film was firstly reported in early 2010s [7] and extensive related works started to burst forth [8] - [10] . The ferroelectric HfO 2 film is promising for novel integrated ferroelectric devices because of its unprecedented complementary-metal-oxide-semiconductors (CMOS) compatibility, thin thickness, low operating voltage, and relative high coercive field [11] . Ultra-thin HfZrO films thinner than 10 nm have been used to fabricate ferroelectric memories [12] and negative capacitance field-effect transistors [13] . However, the HfZrO film that thinner than 10 nm is not suitable for Fe-TFTs, because high-temperature annealing (400 • C-700 • C) is usually needed for crystallization of ferroelectric phase in the film [14] , [15] , which is not allowed in fabrication of oxide semiconductor based systems and applications [16] , [17] .
In this letter, we report a CMOS compatible Fe-TFT based on 30 nm HfZrO film without high-temperature annealing. Indium zinc oxide (IZO) was deposited as channel. The asdeposited HfZrO film showed ferroelectricity naturally, so that low thermal budget less than 300 • C was achieved. The polarization hysteresis loop, small signal capacitance characteristics, and piezoresponse force microscopy (PFM) measurement were presented as evidence of ferroelectricity. The transfer characteristics of the HfZrO based Fe-TFTs were demonstrated with low operating voltage, memory window about 1 V, and small subthreshold slope (SS). The counterclockwise ferroelectric hysteresis in transfer curves were examined. Transfer curves with different sweeping ranges of gate voltage (V GS ) were measured to investigate the charge trapping effects. The evolution of energy band diagram was further proposed to explain the experimental results.
II. EXPERIMENTAL DETAILS
The metal-ferroelectric-insulator-semiconductor (MFIS) device structure is shown in Fig. 1 O) were used as Hf-, Zr-, Alprecursors, and oxygen source, respectively. The HfZrO deposition was implemented using HfO 2 and ZrO 2 ALD cycles with ratio of 1:1. Amorphous IZO and indium tin oxide (ITO) with thicknesses of 15 nm and 150 nm were chosen as channel semiconductor and source/drain (S/D) electrodes, respectively. Channel and S/D electrodes were pre-patterned using ultraviolet lithography, followed by radio-frequency magnetron sputtering and lift-off. The length and width of the channel were 40 µm and 1000 µm, respectively. In addition, a TiN/HfZrO/TiN structure with thicknesses of 40 nm, 30 nm, and 40 nm in each layer, was fabricated for polarization and capacitance measurements. The area of top TiN electrode was defined to be 100 µm × 100 µm. 
III. RESULTS AND DISCUSSION
According to X-ray photoelectron spectroscopy (XPS) analyses of the as-deposited 30 nm HfZrO film on TiN substrate, the outcome Hf, Zr, and O atomic ratio is about 13.8%:17.0%:69.2%, as shown in Fig. 2 (a) . And the atomic ratio of Hf and Zr is about 0.45:0.55, which agrees well with the ALD deposition process of HfZrO. The crystalline phase of as-deposited HfZrO with bottom and top TiN electrodes analyzed by grazing-angle incidence X-ray diffraction (GA-XRD) is presented in Fig. 2 (b) with specially labeled peaks. The diffraction peak around 30.5 • stands for a mixture of tetragonal (T) phase (30.80 • ) and orthorhombic (O) phase (30.40 • ) which are hard to distinguish. However, the noticeable peak around 30.5 • still can be explained as structural evidence for existence of ferroelectric or anti-ferroelectric related domains [18] - [20] . The observed peak at 28.5 • is relatively weak, indicating existence of non-ferroelectric monoclinic (M) phase. So the as-deposited 30 nm HfZrO film is crystallized with a mixture of M-, T-, and O-phases.
The polarization hysteresis and small signal capacitance characteristics can be regarded as direct proof for ferroelectricity of the HfZrO film [15] , [21] . The hysteresis in polarization-voltage (P-V) and capacitance-voltage (C-V) characteristics measured at 10 kHz show the ferroelectricity VOLUME 5, NO. 5, SEPTEMBER 2017 379 in the HfZrO layer, as shown in Fig. 2 (c) and (d), respectively. The positive and negative remanent polarization (P r ) are extracted to be P r+ 2.5 µC/cm 2 and P r− = 2.7 µC/cm 2 , respectively. Also, the C-V characterization with oscillating level of 25 mV has typical bowknot feature as the small signal capacitance presented in Fig. 2 (d) . It should be noted that no hysteresis and bowknot behavior was observed in the 30 nm HfO 2 film deposited at the same condition. As shown in Fig. 2 (e) and (f), PFM measurement of the as-deposited HfZrO film on TiN substrate was used for further confirming the ferroelectricity in the HfZrO film. The outer and inner square domains in PFM amplitude and phase images were written at +10 V and -10 V, respectively. The bright and dark regions correspond to the downward and upward polarization states, respectively, which attest to the stable remanent polarization in the 30 nm HfZrO film. The transfer curves of the Fe-TFT show typical counterclockwise sweeping hysteresis due to ferroelectric polarization switching, as shown in Fig. 3(a) . The V th between forward and backward transfer curves increases when the max of V GS increases from 1 V to 3 V. The variations of V th are 0.05 V, 0.65 V, and 1.00 V when V GSmax = 1 V, 2 V, and 3 V, respectively. Here, V th is defined as V th = V GS (I DS = 1 nA, V DS = 0.1 V). The on-state current of this transistor under V DS = 0.1 V reaches about 10 −5 A with on/off ratio about 10 6 . The linear field effect mobility of the transistor is about 5.5 cm 2 V −1 s −1 which can be calculated by using the following equation:
where L, W, and C OX are length, width of the channel and the series-combination capacitance of HfZrO film and Al 2 O 3 film, respectively. The capacitance of HfZrO is shown in Fig. 2 (a) . And the capacitance of the 8 nm Al 2 O 3 film is 
The forward and reverse transfer curve under V GSmax = 3 V shows relatively small SS values, which are about 82 mV/dec and 86 mV/dec, respectively. The corresponding gate leakage is generally less than 100 pA as presented in Fig. 3 (b) . It is noteworthy that the gate current through the HfZrO film experiences abrupt drops when V GS is sweeping forward and backward. The reason is that both the positive and negative bound charges in HfZrO layer redistribute to the opposite direction while polarization switching [22] . A TFT with a pure HfO 2 film, instead of HfZrO film, between the bottom gate and Al 2 O 3 layer was fabricated as control device with same size of the HfZrO film based TFT. The comparison of transfer curves between the HfZrO based Fe-TFT and the control device is shown in Fig. 3 (c) . The SS of the control device with pure HfO 2 layer was higher than 100 mV/dec. Thus, the lowing of SS in this Fe-TFT may result from the ferroelectric effect induced by the HfZrO layer. The I DS -V DS output characteristics are presented in Fig. 3 (d) , showing saturation phenomenon of the channel and good Ohmic contact between IZO and ITO. As summarized in Table 1 , this Fe-TFT based on the 30 nm HfZrO layer shows low operating voltage smaller than 3 V, and low leakage current less than 100 pA, compared with PMNPT, PZT based Fe-TFTs, and especially P[VDF-TrFE] based ferroelectric memory devices. To analyze the charge trapping effect in this device, gate voltages larger than 4 V were applied as shown in Fig. 4 (a) .
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VOLUME 5, NO. 5, SEPTEMBER 2017 The counterclockwise hysteresis of I DS -V GS indicates that ferroelectricity in HfZrO still dominates. The V th firstly increases but starts to decrease when V GSmax is larger than 4.5 V, as shown in Fig. 4 (b) . The curves move to positive direction. The V th of the backward curves even becomes larger than 0 V. The V th can be estimated by using the following equation:
where the δ, C FE , and C IS are trapped charges, the capacitance of HfZrO film and the series combination of Al 2 O 3 and semiconductor capacitance, respectively. The V th should be 1 V level when the charge trapping effect is negligible. The evolution of energy band diagram in this MFIS structure is presented in Fig. 4 (c) . The voltage V IS that is directly controlling the channel consists of three parts:
where the P is the polarization in HfZrO film [24] . According to Eq. (4), if there is little charge trapping, V IS is always positive when V GS and P are positive. Sufficient negative trapped charges [26] , [27] can screen the electric field induced by ferroelectric polarization and result in decrease of V th and close of channel even when V GS is still positive, coinciding well with the experimental results shown in Fig. 4 (b) . Thus, high gate voltage should be avoided and this device is proper for working under low operating voltage that is smaller than 3 V.
IV. CONCLUSION
In conclusion, a HfZrO based Fe-TFT with IZO channel was reported. The as-deposited 30 nm HfZrO film showed ferroelectricity according to the P-V, C-V, and PFM measurements, and was proved to be crystallized with a mixture of M-, T-, and O-phases naturally. 
